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Introduction
============

Effector and memory T cells are generated through developmental programing of naïve CD4+ T cells after antigen recognition. Differentiation of naïve CD4+ T cells into cytokine producing cells requires pathogen recognition by innate immune cells, antigen presentation to T cells, co-stimulation and transcriptional changes resulting in polarized cytokine production. For example: antigen presenting cells produce interleukin (IL)-12 in response to intracellular pathogens, which, together with antigen recognition, promotes differentiation of T cells into T helper 1 (Th1) cells^1,2^ by signaling through signal transducer and activator of transcription 4 (STAT4) and T-box expressed in T cells (T-bet), leading to cell activation, IL-2 production, clonal expansion and interferon (IFN)-γ production^3,4^. If the infection is controlled, up to 95 % of the T cells generated during the expansion phase are eliminated (*i.e.*, contraction phase) and memory T cells remain, sometimes for a lifetime^5^. Sallusto *et al*.^6^, revealed two functionally distinct subsets of memory T cells in humans based on the expression of lymph node homing receptors. Central memory T cells (Tcm) express C-C chemokine receptor (CCR)-7 and CD45RO and are mainly located in T-cell areas of secondary lymphoid organs. Tcm have limited effector function, a low activation threshold and retain high IL-2 production and proliferative capacity. Effector memory T cells (Tem) express CD45RO, lack CCR7 and display receptors for homing to peripheral or inflamed tissues. Effector cells do not express either CCR7 or CD45RO but promptly produce effector cytokines, such as IFN-γ, upon antigen recognition.

IFN-γ release assays (IGRA) are used for the diagnosis of bovine and human tuberculosis^7^. *Mycobacterium bovis*is the principal agent of bovine tuberculosis (bTB) while human cases of tuberculosis are caused mainly by *Mycobacterium tuberculosis*. With these tests, whole blood or peripheral blood mononuclear cells (PBMC) are stimulated with mycobacterial antigens for 16 to 24 hr and IFN-γ production within the supernatant is measured by ELISA or through detection of cells producing IFN-γ using ELISPOT techniques. As a result of the brief stimulation period (*i.e*., 16 to 24 h) and rapid cytokine production, *ex vivo* assays detect primarily effector and Tem responses. This has been confirmed by flow cytometric analysis of cell populations in these cultures ^8-10^.

*Ex vivo* IFN-γ responses are routinely included within the immune response panel evaluation of tuberculosis vaccines, including those used to evaluate responses by cattle. Most effective bovine tuberculosis vaccines elicit specific IFN-γ responses, but not all vaccines that induce IFN-γ responses are protective. Also, levels of IFN-γ elicited by vaccination, as measured before infection, do not necessarily correlate with protection. For instance, different BCG strains may have different capacities to induce *ex vivo* IFN-γ response, in spite of similar protection levels^11^. Thus, *ex vivo*IGRAs are valuable for tuberculosis diagnosis and for accessing vaccine immunogenicity; however, their use as predictors of vaccine efficacy is limited. Tcm responses to vaccination, on the other hand, may be used to predict vaccine efficacy, as demonstrated with simian immunodeficiency virus (SIV) infection in non-human primates^12,13^, tuberculosis in mice^14^ and malaria in humans^15,16^.

After an effective immune response resulting in pathogen clearance, Tcm are maintained and provide protection to an eventual second infection by the same agent. A notable exception to this scenario is *M. tuberculosis* infection of humans in which patients receiving curative anti-mycobacterial therapy are susceptible to re-infection^17,18^. Additionally, events governing immunological memory during chronic infections, wherein the antigenic stimulation persists, are not well understood^19^. During chronic infections, such as with human immunodeficiency virus (HIV) and tuberculosis, a significant Tcm response is associated with a favorable outcome (*e.g.*, latency with tuberculosis and subclinical disease with HIV)^20,21^. Several studies with mice and humans have demonstrated that long-term cultured IFN-γ ELISPOT assays measure Tcm responses^16,20-22^. With this assay, PBMCs are cultured in decreasing concentration of antigen for 10 to 14 days, allowing effector responses to peak and wane; facilitating Tcm to differentiate and expand within the culture.

Long-term cultured IFN-γ ELISPOT assays have also been used in veterinary research, yet the phenotype of responding cells has been difficult to assess due to a lack of critical reagents, especially an antibody to CCR7. Effective bovine tuberculosis vaccines \[*e.g*. using a single dose of *M. bovis* Bacille Calmette Guerin (BCG), BCG followed by viral-vectored Antigen 85A subunit vaccine, or attenuated *M*. *bovis*ΔRD1\] elicit long-term cultured IFN-γ ELISPOT responses following vaccination that correlate with protection (*i.e.*, lower mycobacterial burden and decreased TB-associated pathology) against subsequent challenge with virulent *M. bovis*^23,24^. Furthermore, the numbers of antigen-specific IFN-γ-secreting cells within long-term PBMC cultures are higher at 12 months but decrease at 24 months after BCG vaccination of neonatal calves, correlating with the degree of protection detectable post *M. bovis*challenge^25^. In this scenario, the cultured IFN-γ ELISPOT is an important tool for predicting vaccine efficacy, providing a means to prioritize vaccine candidates for high cost efficacy trials. Additionally, cultured ELISPOT techniques can be adapted for various hosts, pathogens and cytokines by altering antigens or antibodies for a variety of purposes in different research fields.

Protocol
========

1. Prepare the Following Solutions
----------------------------------

1.  Prepare complete RPMI (cRMPI) by adding fetal bovine serum (FBS) to a concentration of 10 % (volume / volume), glutamine (2 µM), sodium pyruvate (1 µM), non-essential amino acids (0.1 µM), penicillin--streptomycin (100 units / ml penicillin and 0.1 mg / ml streptomycin) and 2-mercaptoethanol (50 mM) into RPMI 1640.

2.  Prepare 2 X acid citrate dextrose, by mixing sodium citrate (77 µM), citric acid (38 µM), and dextrose (122 µM), in distilled water.

3.  Prepare Ca^2+^ Mg^2+^ free phosphate buffered saline (PBS) pH 7.2: NaCl (137 mM), KCl (2.7 mM), Na~2~HPO~4~ (dibasic, 10 mM), KH~2~PO~4~ (monobasic, 2 mM) in distilled water; adjust the pH to 7.2.

4.  Prepare PBS 1% (PBS 1 % BSA) by adding bovine serum albumin into PBS (volume / weight, 1g / 100 ml of PBS).

5.  Prepare PBS + 0.05 % tween 20 (PBST) by adding 0.05 % tween 20 into PBS (volume / volume, 500 μl of tween 20 / 1 L of PBS).

6.  Prepare 100 mM Tris HCL pH 8.2 buffer by mixing Tris (100 mM), HCl (0.50 mM) in distilled water.

7.  Prepare 35 % ethanol solution by diluting ethyl alcohol (purity ≥99.5%) in distilled water (volume / volume, 35 ml of ethyl alcohol / 100 ml of distilled water).

8.  Filter sterilize cRPMI, 2 x acid citrate dextrose, PBS, PBS 1 % BSA using 0.22 μm filters.

2. Long-term Cultured Cells (14 Day Protocol)
---------------------------------------------

(Day one)

1.  Prepare antigen solutions at twice the final concentration in cRPMI. Antigen choice is critical and should be tailored to the purpose of the study.

2.  Dilute recombinant*M. tuberculosis*antigens TB10.4 and antigen Ag85A to 2 μg / ml (of each antigen; the final concentration is 1 μg / ml).

3.  Dilute*M. bovis* purified protein derivative (PPD-B, Prionics Ag) to 10 μg / ml (the final concentration is 5 μg / ml).

4.  Dilute the recombinant early secretory antigenic target 6 (ESAT-6) and culture filtrate protein 10 (CFP-10) fusion protein (rESAT-6:CFP10) to 2 μg / ml (final concentration of 1 μg / ml). NOTE: These antigens are immunodominant IFN-γ inducing antigens of tuberculous mycobacteria and may be included to stimulate PBMC from *M. bovis* infected animals. BCG or *M. bovis*ΔRD1 vaccinated animals do not respond to rESAT-6:CFP10, as the region encoding these antigens (i.e., RD1) is deleted in these strains. rESAT-6:CFP10 used in these study was a kind gift from Dr. C. Minion, Iowa State University. TB10.4 and antigen Ag85A are immunodominant antigens present in virulent and vaccine *M. bovis* strains ^37^. PPDB, as a purified protein derivative, is a complex of several antigens including antigens shared with non-tuberculous mycobacteria. Infected animals will potentially respond to all antigens (namely: TB10.4, Ag 85A, rESAT-6:CFP10 and PPDb), while vaccinated animals should not respond to rESAT-6:CFP10 ^11^.

5.  Plate 500 μl / well of antigen solution in quadruplicates for each animal in a 24 well plate. For this protocol, use antigens as a pool; thus use all wells contain all the antigens and no controls (such as, null or mitogen) this step. Incubate plate at 39 °C / 5 % CO~2~. The normal temperature of cattle is 39 °C; thus, some investigators utilize 39 °C for culture of bovine cells. Also, in certain instances with human cells, cell culture at 39 °C provides added benefit^26,30^.

6.  Pre-load syringes coupled with 16 or 18 G hypodermic needles with 6 ml of 2 X acid-citrate-dextrose; and collect 60 ml of bovine blood by jugular venipuncture.

7.  Isolate PBMC by standard density gradient centrifugation of the peripheral blood buffy coat fractions adjusting cell concentration to 4 X 10^6^ cells / ml as described by Maue *et al*. ^27^

8.  Add cells (500 μl / well) into antigen preloaded 24 well plate, in quadruplicate for each animal (step 2.5). Incubate plate at 39 °C / 5 % CO~2~.

(Days three and seven)

1.  Using sterile technique, carefully remove 500 μl of the supernatant from each well without disturbing the cell layer.

2.  Replenish well volume by adding 500 μl / well of cRPMI containing IL-2 (30 U / μl, *i.e.*, 15 U / well; recombinant human IL-2 Sigma I7908). Incubate plate at 39 °C / 5 % CO~2~.

(Days 10 and 12)

1.  Using sterile technique, remove 750 μl of supernatant from each well. Replenish the volume with 750 μl / well of cRPMI ( without IL-2). Incubate plate at 39 °C / 5 % CO~2~.

3. ELISPOT Assay (Three Day Protocol)
-------------------------------------

(Day one (12 ^th^ day of Long-term culture protocol))

1.  Label the ELISPOT plate properly for each set of samples, to avoid mistakes when plating cells: long-term cells plus antigen presenting cells (APCs), long-term cells without APCs and *ex vivo* / short-term cells (**Figure 1**). Replicates for each treatment (i.e. antigenic stimulation) should be done at least in duplicate.

2.  Prepare capture antibody solution by diluting mouse anti-bovine IFN-γ antibody (MCA2112, clone CC330) in PBS (8 μg / ml).

3.  Using a multichannel pipettor pre-wet the wells of the ELISPOT plate with 15 μl / well of 35 % ethanol for 1 min. To prevent membrane damage, do not touch the bottom of wells with pipette tips at any point during the assay.

4.  Wash plate six times with 300 μl / well of PBS. Wash fluid should be discarded by plate inversion. Washes should be done rapidly, not allowing plate wells to dry.

5.  Pipette 100 μl / well of capture anti-IFN-γ antibody (from step 1 above). Incubate at 4 °C O/N (keep the plate inside a zippered storage bag).

(Day two (13 ^th^ day of the long-term culture protocol))

1.  Prepare antigen solutions at twice the final concentration. Treatments are: no stimulation (cRPMI), PPD-B (20 μg / ml, final concentration: 10 μg / ml), protein cocktail of TB10.4 and Ag85A (2 μg / ml of each protein, final concentration: 1 μg / ml of each protein), rESAT-6:CFP10 (for *M. bovis* infection, 2 µg / ml, final concentration: 1 μg / ml), and a positive control, such as pokeweed (20 μg / ml, final concentration: 10 μg / ml). Other mitogen may be used instead of PWM (*e.g.,* Concanavalin A). NOTE: for this step antigens compose four different treatments and are not used as a pool (as in step 2.5). The four treatments are: NS, PPDb, protein cocktail (TB10.4 and Ag85A constitute one treatment) and PWM.

4. Short-term Cell Culture and Adherent Cell (APCs) Isolation
-------------------------------------------------------------

1.  Collect 60 ml blood from the same animals bled on day 1 (under: long-term culture, 14 day protocol) and isolate PBMCs as before.

2.  Adjust cell concentration to 2 X 10^6^ cells / ml. Label tubes clearly to prevent misallocation when plating cells. These cells will be used for APCs isolation and also as short-term cell culture (step 6.5). Label tubes with both the animal number and the type of culture (in this case: *ex vivo*, short-term or fresh cells).

3.  Remove excess capture antibody from the ELISPOT by plate inversion. Wash plates 6 times with 300 μl PBST.

4.  Remove as much PBST as possible. Pipette 50 μl of cell suspensions to the wells labeled as long-term cells plus APCs. Block other wells with 200 μl / well of cRPMI. Incubate 90 min at or 39^°^C. Pre-warm cRPMI to or 39^°^C (necessary for subsequent steps). Fresh PBMCs not used for adherent cell (APCs) isolation will be needed in subsequent steps and should be stored.

5. Cultured Cells
-----------------

1.  During the 90 min incubation (step 4.4, short-term culture and adherent cell isolation step), harvest long-term cultured cells.

2.  Using 5 or 10 μl pipettes, pipette media with cells up and down to detach cells, combine the quadruplicate replicates from each animal into a single 15 ml tube. Centrifuge the tubes for 5 min at 400 g.

3.  After centrifugation, discard the supernatant by tube inversion. Dislodge cell pellet. Add 5 ml of PBS, gently re-suspend pellet, if necessary. Repeat the centrifugation. Repeat the washing step twice. Discard supernatant by tube inversion and gently re-suspend cells in 1ml cRPMI. Adjust cell concentration to 2 X 10^5^ cells / ml.

6. Plating Fresh and Cultured PBMCs
-----------------------------------

1.  After the 90 min incubation, shake plates on plate shaker for 30 sec. Remove non-adherent cells by plate inversion. Pipette 150 μl / well of warm cRPMI (from step 4, under: Short-term cells and adherent cell (APCs) isolation step).

2.  Shake plates and discard wash fluid. Repeat wash 3 times. Add 100 μl / well of each antigen into appropriate wells (pre-labeled).

3.  To plate cells, pipette 100 μl / well of long-term cultured cell suspension (2 x 10^5^ cells / ml) into the wells labeled as long-term cells plus APCs. Ensure that the long-term cells added in this step are from the same animal as the APC's already in the well. Do not mix APC's and long-term cultured cells from different animals.

4.  Pipette 100 μl / well of the long-term cultured cell suspension (2 x 10^5^ cells / ml) into wells without APCs for assessment of APC requirement to the long-term culture response.

5.  Add 100 μl / well of short-term cells (freshly isolated and adjusted to 2 x 10^6^ cells / ml) for *ex vivo* response assessment. Incubate plates O/N at 39 ^°^C / 5 % CO~2~ incubator. Ensure that plates are lying flat and do not stack plates. NOTE: If analysis of cell phenotype is desired, flow cytometry can be performed as an ancillary assay. Cells are plated in 96 well U bottom plates (instead of ELISPOT plates) as described for ELISPOT assay. Capture antibody adsorption (steps 3.4 to 3.5) should be skipped. Cells are then incubated O/N at 39 °C / 5 % CO2 and a standard cell staining protocol performed. Cell staining reagents are included in the reagents table.

Day three (14 ^th^ day of the Long-term culture protocol)

1.  Dilute detection antibody (mouse anti-bovine IFN-γ, clone CC302) to 5 μg / ml in PBS 1 % BSA. Discard fluids from wells and wash plates: six times with PBST (300 μl / well), placing on shaker each time for 10 sec before and in-between washes, once with dH~2~O (300 μl / well), an additional 6 times with PBST (300 μl / well) and two times with PBS (300 μl / well). After cells are removed from the plates, and if no biosafety concerns apply, procedures may be performed outside biological safety cabinets.

2.  Discard wash fluid. Remove as much wash fluid as possible by tapping plate on paper towels. Add detection antibody (100 μl / well).

3.  Incubate plates for 120 min at or 39 ^°^C. During this incubation step, prepare alkaline phosphatase solution following the manufacturer\'s instructions. Thirty min before use (i.e., 90 min after addition of detection antibody to wells) dilute the reagent in PBST. Invert the tube gently to mix reagents and incubated at RT.

4.  After the 120 min incubation, discard excess detection antibody by plate inversion. Wash plate 6 times with PBST (300 μl / well). Remove as much wash fluid as possible by tapping plate on paper towels.

5.  Add 100 μl / well of alkaline phosphatase solution (from step 3 above). Incubate plates for 45 min at RT. Discard fluid and wash each plate 6 times with PBST (300 μl / well).

6.  Prepare the substrate solution following the manufacturers\' instructions (Vector Blue AP substrate III): Dilute reagents in 100 mM Tris HCL pH 8.2 buffer. Pipette 50 μl / well of the substrate solution.

7.  Incubate at RT until blue color starts to develop (approximately 30 min). Discard fluid and wash plates with copious amounts of dH~2~O. Remove bottom plate to expose membrane, wash back of wells and allow plate to air dry.

8.  Read plates on immunospot image analyzer or ELISPOT reader (Table 1), or manually, using a stereomicroscope. Alternatively, keep plates in dark at RT until reading. Because of the high stability of the reaction substrate, quality is preserved for several years. NOTE: Cells and antigen concentrations were optimized to avoid wells with uncountable spots ^23,24,27,37^. It is possible that uncountable spots formation occur in different settings or due to biological variation. If that is the case, cell concentration should be optimized so a readable spot counting response is obtained.

7. Plates Reading and Data Analysis
-----------------------------------

1.  Perform analysis as per the Cellular Technology Limited (CTL) ELISPOT plate reader guide (Table 1). After the spots counts are obtained for each of the wells, calculate the average between duplicates. The specific immune response to each antigenic stimulus is calculated by subtracting the average number of spots in non-stimulated wells from that of antigen-stimulated wells.

Representative Results
======================

Approximately one-month post-aerosol infection with *M. bovis* (10^4^ colony-forming units), PBMCs from infected (n=8) and control animals (n=8) were cultured in the presence of antigens and IL-2 for 13 days. Development of Tcm responses after infection was determined using IFN-γ ELISPOT assay. Representative Tcm (in the presence or absence of APCs) and *exvivo*IFN-γ ELISPOT responses from infected animals (Three animals) and a non-infected animal (one animal) are shown in **Figure 1**. A successful long-term IFN-γ ELISPOT assay results in cells producing IFN-γ (Spot-Forming Cells, SFC) under stimulated conditions and near absence of a response from non-infected animals and under non-stimulated conditions. Also, a strong T cell response should occur in response to PWM. Specific responses to *M. bovis* were assessed by PPD-B or rESAT-6:CFP10 antigenic stimulation. As shown in **Figure 1**, robust Tcm and *ex vivo* responses to PPD-B and rESAT-6:CFP10 were detected from all three *M. bovis*-infected animals. Minimal to no Tcm and *ex vivo*responses were detected from the control animal. Also, the presence of APCs was required for optimal Tcm responses by infected animals, as demonstrated by greatly reduced responses by long-term cells cultured in the absence of autologous APCs. IFN-γ response by PBMCs from*M. bovis* infected and non-infected animals are presented in **Figure 2**. The number of SFCs from each animal was calculated as the average number of SFCs in duplicate samples in response to PPD-B minus the respective response to media alone. Responses were estimated for 10^6^cells. Responses differed (*P \<*0.05) based upon infection status, presence or absence of APCs and culture duration (*i.e*., long-term culture versus *ex vivo* culture).

  --------------------------------- ------------------------------------------------------------------------------------------------------
  Acquiring image of plates         
  1\.                               Turn on machine
  2\.                               Open "Immuno Capture" Version 6.3 software.
  3\.                               Step 1: select plate type.
  4\.                               Step 2: load plate.
  5\.                               Step 3: select scanning options.
  6\.                               Step 4: start scanning.
  7\.                               Obtain overview image of plate.
  8\.                               Eject plate.
  9\.                               Quit "Immuno Capture" software.
  Counting the spot forming units   
  1\.                               Open "Immuno Spot Capture" Version 5.0 software.
  2\.                               Select object type: normal.
  3\.                               Select counting module: smart count.
  4\.                               Step 1: load plate.
  5\.                               Step 2: define counting parameters: test accuracy of spot recognition on wells with different spots.
  6\.                               Start auto count.
  Quality control                   
  1\.                               Open "Immunospot Capture" Version 5.0 software.
  2\.                               Select counting module: quality control.
  3\.                               Step 1: load plate.
  4\.                               Step 2: Analyze highlighted wells individually.
  5\.                               Finish quality control.
  --------------------------------- ------------------------------------------------------------------------------------------------------

**Table 1 - AutoImmun Diagnostika ELISPOT reader image acquisition and cell counting procedure.**

**Figure 1. Image of wells from a long-term cultured IFN-γELISPOT assay. **Cultured IFN-γ ELISPOT assay was performed approximatelyone month after challenge with virulent *M. bovis*(three animals). Non-infected animals were included as controls (one animal)*.*Long-term cell lines were generated by stimulating PBMC with a cocktail of recombinant Ag85A (1 µg / ml), TB10.4 (1 µg / ml), rESAT-6:CFP10 (1 µg / ml) and PPD-B (5 µg / ml) for 13 days followed by transfer to ELISPOT plates in the presence or absence of autologous APC. Short-term cells consisted of PBMC isolated on day 13 and plated directly into ELISPOT plates. Long-term and short-term cells were stimulated with PPD-B (10 µg / ml), rESAT-6:CFP10 (1 µg / ml), medium alone or pokeweed mitogen (5 μg / ml) for 24 h.

**Figure 2. Representative results from a long-term cultured IFN-γELISPOT response to*****M. bovis*****purified protein derivative (PPD-B). **Cultured IFN-γELISPOT assay was performed approximatelyone month after challenge with virulent*M. bovis*(eight animals). Non-infected animals were included as controls (eight animals Long-term cells were generated by stimulating PBMC with a cocktail of recombinant Ag85A (1 µg / ml), TB10.4 (1 µg / ml), rESAT-6:CFP10 (1 µg / ml) and PPD-B (5 µg / ml) for 13 days followed by transfer to ELISPOT plates in the presence or absence of autologous APCs. Short-term cells consisted of PBMC isolated on day 13 and plated directly into the ELISPOT plate. Long-term and short-term cells were stimulated with PPD-B (10 μg / ml) or medium alone for 24 h. Specific responses from each animal (SFC / 10^6^cells) are presented as response to PPD-B (average of duplicate samples) minus the response to media alone.

Discussion
==========

IFN-γ production in long-term cultured ELISPOT assays is generally due to Tcm in humans, but how this response develops in culture is poorly understood. Whether Tcm are present in circulation and expand *in vitro*, or if the Tcm responses result from differentiation of effector and Tem cells into Tcm during culture is not known. However, studies with samples from humans have found that CD4^+^ T cells from *ex vivo* and long-term cultured IFN-γ ELISPOT assays have unrelated epitope specificities, implying that Tcm responses do not develop from effector cells^28^. Obviously, the duration of the response may vary, but if pathogen clearance is achieved, eventually both *ex vivo* and Tcm responses decline. Also, responses of long-term cultures measured early and long after antigenic priming (when the effector response is lower) is shown to correlate, indicating that circulating Tcm populations early and long after antigenic priming remains related *in vivo.*On the other hand, the magnitude of the *ex vivo* response does not appear to be related to the magnitude of the memory response^29^. These results suggest that long-term cultured IFN-γ ELISPOT responses result from *in vitro* expansion of Tcm and an associated waning of effector responses in the sample, rather than the differentiation of effector cells into Tcm phenotype.

With cattle, the relative contribution of effector and memory subsets to responses detected by the long-term IFN-γ ELISPOT assays is not known. Recent studies indicate a correlation between vaccine elicited long-term cultured IFN-γ ELISPOT responses and protection against subsequent experimental infection with *M. bovis*^23-24^. It has been reported that weak long-term IFN-γ ELISPOT responses to vaccination are associated with the absence of protection^30^. Both live and killed vaccines induce similar *ex vivo* IFN-γ ELISPOT responses, but vaccination with live BCG elicits stronger long-term cultured IFN-γ ELISPOT responses than do killed vaccine preparations. Interestingly, live vaccines are protective while killed formulations fail to provide protection against challenge with virulent tuberculous mycobacteria ^31-32,\ 33^.

Assessment of Tcm responses is also feasible by sorting these cells from PBMC. Direct enrichment of Tcm from PBMC, however, requires expensive devices, highly trained personal and is difficult as these cells are not numerous in the blood stream. Long-term culture of PBMC provides enrichment of Tcm over Tem and effector cells without expensive devices; however, because these T cell populations are expanded *in vitro* they may be less representative of *in vivo* memory responses. It is possible to access IFN-γ memory responses (using the long-term culture or Tcm sorting strategies) by assays other than the ELISPOT such as: cytokine ELISAs^34^, cytokine bead arrays (CBA), intracellular staining (ICS), or cytokine protein arrays (CPA). These methods; however, are generally less sensitive than ELISPOT assays^35^.

An advantage of ELISPOT is its ability to detect the immediate capture of the cytokine shortly after its release preventing dilution in the supernatant and degradation by enzymatic cleavage or cytokine uptake by other cells. ELISPOT assays detect single cells producing cytokines providing precise results even in low signal to noise scenarios (*i.e.,* low specific responses)^35^. Also, with ICS, detection of cytokines prior to release may result in false identification of cells producing cytokines (*e.g*., due to post-translational modulation before or during the secretory process)^34^. The transport inhibitors employed with ICS assays to minimize cytokine secretion during antigen stimulation (known as Golgi stop proteins) limit the duration of cell stimulation due to the cell toxicity of these proteins ultimately impacting cytokine production^35^.

With that said - CBA, CPA and ICS are useful techniques for measuring multiple cytokines simultaneously and / or for determining cell surface marker expression (*i.e*., with ICS). Therefore, these methods may be used in combination with the IFN-γ ELISPOT assay^36^. While previous bovine TB vaccine efficacy studies measured Tcm responses via ELISPOT assay, the detection of Tcm responses by other techniques will likely yield comparable results. Importantly, the ELISPOT assay is less expensive and simpler to perform than CBA, CPA and ICS analysis techniques^34^. Manual counting of the SFC is an alternative to automated counting, and ELISPOT plates can be stored at RT for long period of time with minimal quality loss, before or after spot counting^37^.

The long-term cultured IFN-γ ELISPOT response has been applied to assess memory responses by human, and cattle when evaluating tuberculosis vaccine responses^14-16,31-32,33^. Tcm responses are also assumed to play significant roles in host responses to several other infectious agents of cattle, such as: *Mycoplasma mycoides*subsp. *mycoides*^42^, *Anaplasma marginale*^38^ and bovine respiratory syncytial virus^39^. Potentially, the long-term ELISPOT assay might be adapted for other animal species, cytokines and infections. These broader applications will be especially useful for veterinary immunology applications due to current limited availability of specific reagents.

Tcm responses are crucial for protection against several infections, but measuring them early after infection / immunization (for disease outcome prediction or vaccine efficacy) may be cumbersome. Analysis of the immune response under *ex vivo*and short antigenic stimulation conditions will more often represent effector responses, due to the overlap of memory and effector responses, especially during the beginning of immunological memory formation. In the context of chronic diseases in which the antigen load is continual, *ex vivo*responses will assess effector cell responses or a combination of memory and effector cell responses. The long-term cultured IFN-γ ELISPOT assay, described here, likely enables the measurement of Tcm responses rather than effector T cell or combined CD4^+^ T cell responses. In summary, the long-term cultured IFN-γ ELISPOT assay provides a valuable approach for estimating T cell memory responses and has been employed successfully to evaluate memory responses of several species to a variety of infections agents^12-16,\ 20-25,29,31,33,34,38,39^.
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